We create a transparent display by projecting monochromatic images onto a polymer film embedded with nanoparticles that selectively scatter light at the projected wavelength. This approach features simplicity, wide viewing angle, scalability, and low cost.
Introduction
Transparent displays have a variety of potential applications: one may turn a regular window into a projection screen, or display navigation and dashboard information while looking through the windshield of a car or plane. A number of technologies have been developed aiming at a subset of these applications [1] [2] [3] [4] , but each method has certain limitations. It remains of great interest to explore new types of transparent displays.
Concept and design
Nanoparticles with sharp resonances can selectively scatter light of a particular wavelength, while being almost transparent at other wavelengths. By embedding wavelength-selective nanoparticles in a transparent medium and by projecting images at the resonant wavelength, we can create a screen that scatters most of the projected light while being almost transparent to the broadband ambient light. This concept is illustrated in Fig. 1a .
One way to achieve wavelength selectivity is using the localized surface plasmon resonances in metallic nanoparticles [5, 6] . For small particles, quasistatic approximation shows that the optimal material should have a small Im(ε) and a fast-changing Re(ε) near the resonance wavelength λ 0 . Comparing the dielectric function of realistic metals in the visible spectrum, we choose to work with silver-based nanoparticles.
For more detailed optimization, we define a figure of merit (FOM) to capture the desired properties: a uniformly low absorption cross-section σ abs , a high scattering cross-section σ sca at λ 0 , and low σ sca elsewhere. The overline and the symbol max{…} denote the mean and the maximum in the visible spectrum. With this FOM, we perform numerical optimizations on spherical core-shell nanoparticles with a silver shell and silica core, embedded in a transparent medium with refractive index n = 1.44. Scattering and absorption cross sections are calculated with the transfer matrix method [7] . We choose the core radius and shell thickness that maximize the FOM by performing a global optimization. The resonance wavelength λ 0 can be tuned to arbitrary colors. Fig. 1b-d show the cross-sections of structures optimized to scatter monochromatic light at different colors. 
Experimental realization
As a proof of principle, we experimentally realize a blue-color-only transparent display. We embed simple spherical silver nanoparticles of diameter 62 nm (which is optimized to scatter blue light) into a thin film of transparent polymer, polyvinyl alcohol (PVA). This transparent thin film is the screen of our display. Measured transmission spectrum of the film agrees well with the theory prediction. Angle-resolved scattering measurements indicate an angular distribution of scattered light that is close to the Lambertian distribution for an ideal diffusely reflecting surface, confirming that the scattered light can be viewed from a wide angle.
In Fig. 2a , we show the transparent display at work, with a blue MIT logo projected onto the screen from a small laser projector (MicroVision SHOWWX+). This projector is suitable here since it functions by projecting monochromatic light from three laser diodes (red, green, and blue); we measure the wavelength of its blue light to be 458 nm ± 2 nm. The projected image shows up clearly on our screen, and is visible from all directions. In comparison, the same image projected onto regular glass (Fig. 2a , photo on the right) can barely be seen due to the lack of scattering. The transparency of our screen can be judged by comparing it with regular glass: Fig. 2a shows that objects behind the screen (three colored cups) remain visible, and their apparent color and brightness barely change. We also compare an image projected onto this screen and onto a piece of white paper: Fig. 2b shows that on our screen, the projected image is slightly dimmer but the contrast is better due to less scattering of ambient light. Finally, we point out that high-resolution images can be projected onto this screen with clarity, because the screen has on average 6 × 10 9 nanoparticles per cm 2 of area.
Summary
We have proposed and demonstrated transparent displays enabled by the wavelength-selective scattering of nanoparticles. Decent transparency and scattering efficiency has been achieved with our proof-of-concept demonstration, and this method has additional attractive features including simplicity, wide viewing angle, and scalability to large sizes. The method is also economical: in our experiment, the polymer is inexpensive, and only 7 µg of silver nanoparticles is used per cm 2 of screen. The natural next step of this method will be achieving narrower line-width for the scattering while maintaining transparency away from the resonance; this will further enhance transparency, and will be important for the realization of a full-color transparent display.
